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Abstract
Inelastic neutron scattering experiment is performed on single crystals of multiferroics
NdFe3(
11BO3)4 to explore the magnetic excitations. Fe-centered dispersive excitation with
the band width of 5 meV is observed along the crystallographic c∗ direction and that of 3 meV
is along the a∗ direction. The energy gap of 0.57 meV due to an axial-type anisotropy is ob-
served at the AF zone center. The energy of Nd-centered ﬂat excitation is 1 meV. Furthermore,
anticrossing of the Fe- and Nd-centered excitations is observed, meaning the existence of the f -d
coupling, i.e., the interaction between the Nd3+ and Fe3+ moments. Spin-wave analysis on the
observed neutron spectrum revealed the underlying magnetic Hamiltonian in NdFe3(
11BO3)4.
Discussion on the axial-type anisotropy in the ab - plane based on the magnetic model leads to
the conclusion that the anisotropy of the Nd3+ ion plays a main role in the determination of
the structures of both magnetic moment and electric polarization in NdFe3(BO3)4.
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1 Introduction
Coexistence of magnetic order and electric polarization, multiferroicity, has become a top major
topic over the past decade in condensed matter physics. In the multiferroic materials, the rare-
earth ferroborates RFe3(BO3)4 (R = Y and rare-earth metal) are a series of new multiferroic
compounds containing R3+ (4fn) and Fe3+ (3d5 S = 5/2) as magnetic ions. They show diverse
magnetoelectric (ME) eﬀect as a function of the R3+ ions (R = Y, Pr, Nd, Sm, Gd and Tb),
[1, 2, 3, 4, 5, 6] since there is the variety of the magnetic anisotropy of the R3+ moments
combined with the interaction between the Fe3+ and R3+ moments (f -d coupling). Recent
studies revealed that the mechanism of magnetoelectricity in these compounds is explained by
the spin-dependent metal-ligand hybridization model. [7, 8]
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Figure 1: (a) The crystal structure and (b) magnetic structure of NdFe3(BO3)4 (trigonal,
space-group R32).
We focus on NdFe3(BO3)4, where the Nd
3+ ions (4f3) carry magnetic moment with J = 9/2.
Figure 1(a) shows the crystal structure with the trigonal space group R32. The main feature of
the crystal structure is that distorted FeO6 octahedra form spiral chains with threefold screw-
axis symmetry along the crystallographic c - axis. Studies on the heat capacity, magnetic
susceptibility, [9] and ME eﬀect [2, 5] revealed that an easy-plane type antiferromagnetic (AF)
order and a spontaneous electric polarization simultaneously appear at TN = 30 K and a huge
electric polarization is induced by magnetic ﬁeld. A neutron diﬀraction study exhibited the easy-
plane type AF order at T ≤ TN; the Fe
3+ and Nd3+ magnetic moments align ferromagnetically
along the a - axis and propagate antiferromagnetically along the c - axis with the propagation
vector k = (0, 0, 3/2) in Fig. 1(b). [10, 11]
In the present study, inelastic neutron scattering (INS) on NdFe3(
11BO 3)4 is performed to
explore the magnetic excitations. NdFe3(BO3)4 is, in fact, a rare experimental realization of
multiferroics exhibiting the strong f -d coupling. It is, thus, signiﬁcant to determine the f -d
coupling constant by the observation of the interaction between the spin wave from the Fe3+
moments and the crystal ﬁeld excitation from the Nd ions. Through constructing magnetic
Hamiltonian, consideration of magnetic anisotropy is very important particularly in the multi-
ferroics where the relationship between the polarization and spin is locally determined through
the spin-dependent metal-ligand hybridization mechanism, since the anisotropy directly deter-
mines the polarization structure. The identiﬁcation of the precise magnetic Hamiltonian allows
understanding of the ME eﬀect in the rare-earth ferroborates.
2 Experimental details
Single crystals of NdFe3(
11BO3)4 were grown by a ﬂux method.[12] The starting materials were
Nd2O3, Fe2O3, and
11B2O3. The ﬂux was Bi2Mo3O12 + 3
11B2O3 + 3/5 Nd2O3. Details of
the method are described in Ref. [13]. We coaligned 22 pieces of single crystals so that the
crystallographic a∗ - c∗ plane is horizontal. Alignment was performed by transmission Laue
method using a high energy X-ray Laue camera as shown in Fig. 2(a). The X-ray source was
YXLON MG452 and the maximum energy of the white X-ray beam was 310 keV. Laue patterns
were recorded by a high-speed CCD camera, with imaging size 10 cm × 10 cm (1024 × 1024
pixel). Figures 2(b) and 2(c) show Laue images of a crystal in the c∗ - plane and (110) - plane.
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Figure 2: (a) A high energy X-ray Laue camera system. Laue images of a crystal with the
incident x-ray parallel to the c∗ - axis (b) and the [110] - axis (c).
These patterns respectively exhibit the threefold symmetry along the c∗ - axis and the twofold
symmetry along the [110] - direction. We placed the crystals on an alumina holder. The average
mass of the crystals was 0.1 g. The total mass of the sample was 2.1 g.
The INS experiment was performed at the High Resolution Chopper Spectrometer (HRC)
installed in the Material and Life Science Experimental Facility of J-PARC. [14, 15, 16] At
the HRC white neutrons are monochromatized by a Fermi chopper synchronized with the
production timing of the pulsed neutrons. The energy transfer h¯ω was determined from the
time of ﬂight (TOF) of the scattered neutrons detected at position sensitive detectors (PSDs).
The T0 chopper was set at 50 Hz, a collimator of 1.5
◦ was installed in front of the sample, and
the “S” Fermi chopper with 200 Hz was used to obtain high neutron ﬂux. We used a GM-type
closed cycle cryostat to achieve 15 K. The energy of the incident neutron beam was Ei = 11.46
meV yielding an energy resolution of ΔE = 0.3 meV at the elastic position. Initially we set
incident neutron beam with ki//a
∗ at 15 K. In order to cover wide q-range, INS spectra were
measured by rotating the crystal by 70 degree in 2 degree steps.
3 Experimental results
We extract constant-q scans at q = (0, 0, l) and (h, 0,−1.5) from 4-dimensional INS spectrum
as shown in Figs. 3(a) and 3(b). The integration q ranges in Fig. 3(a) are −0.1a∗ ≤ q ≤ 0.1a∗
along the a∗ direction in the scattering plane, −0.17a∗ ≤ q ≤ 0.17a∗ perpendicular to the
scattering plane, and δq = 0.04c∗ along the c∗ direction. The integration q ranges in Fig. 3(b)
are −0.1c∗ ≤ q ≤ 0.1c∗ along the c∗ direction in the scattering plane, −0.17a∗ ≤ q ≤ 0.17a∗
perpendicular to the scattering plane, and δq = 0.04a∗ along the a∗ direction. Then the
excitation energies are estimated by ﬁtting the observed peaks by Gaussian functions. Two
peaks were observed below h¯ω = 6 meV in each scan, implying the existence of two diﬀerent
modes.
The magnetic dispersions are obtained by plotting the peak energy obtained from a series of
constant-q scans in Fig. 4(a) for the c∗ direction and in Fig. 4(b) for the a∗ direction. We clearly
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Figure 3: Typical constant-q scans cut from INS spectra measured at HRC at 15 K. (a)Constant
constant-q scans at q = (0, 0, l). (b)Constant constant-q scans at q = (h, 0,−1.5). The red
curves are ﬁts by Gaussian functions.
observed the spin waves of the Fe3+ moments, and the ﬂat excitation of the Nd3+ moments
at about 1.0 meV which is the transition between the lifted states of Kramers doublet of the
Nd3+ ion. From the peak position we identify the magnitude of the energy split of the Kramers
doublet to be 0.98 meV. The energy gap of Fe3+ spin wave at the AF zone center is estimated
to be 0.57 meV. The gap implies the existence of a uniaxial anisotropy in the ab - plane.
The spin waves of the Fe3+ moments are more dispersive along the c∗ direction than along
the a∗ direction. This means that the Fe3+ spins form one-dimensional spin chain along the
c direction and they are weakly coupled in the ab - plane . The data in the low-energy range
exhibits an anti-crossing between the spin wave of the Fe3+ moments and the ﬂat mode of the
Nd3+ moments, meaning the existence of the interaction between the Fe3+ and Nd3+ moments.
An excitation at 1.3 meV at q = (0, 0,−1.5) is the transition between the lifted states of the
Kramers doublet of the Nd3+ ion. The energy is higher than the energy observed at q far from
the AF zone center. The increase of the energy is due to the hybridization between the Fe3+
and Nd3+ modes.
4 Analysis and discussion
4.1 Analysis
In order to identify the magnetic model, we consider the following Hamiltonian:
H = −
∑
n.n.
J1Si · Sj −
∑
n.n.n.
J2Si · Sj −
∑
n.n.
J3Si · Jk +
∑
k
HCF(Jk), (1)
where the x - axis is parallel to the crystallographic a - axis and the z - axis is parallel to the
c - axis. J1 and J2 are the exchange interactions in the nearest and 2nd neighbor paths of
the Fe3+ ions as shown in Figs. 5(a) and 5(b). These terms mainly determine the dispersions
along the c∗ - axis and a∗ - axis, respectively. J3 is the nearest neighbor exchange interaction
between the Fe3+ and Nd3+ moments, which induces the anti-crossing between the Fe3+ and
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Figure 4: Magnetic dispersion obtained from the INS spectra. (a)The dispersion along c∗
direction. (b)The dispersion along a∗ direction. The red circles are the data and the solid
curves are the calculation.
Figure 5: Exchange pathways in NdFe3(BO3)4. J1 and J2 are the nearest and 2nd nearest
neighbor interactions between the Fe3+ moments. J3 is the nearest neighbor interaction between
the Fe3+ and Nd3+ moments. The x - axis is parallel to the a - axis and the z - axis is parallel
to the c - axis. The y - axis is vertical to the x and z - axis.
Nd3+ modes. In Eq. (1), positive (negative) signs of the exchange parameters correspond to
ferromagnetic (antiferromagnetic) exchange interactions. HCF is the crystal ﬁeld Hamiltonian
of the Nd3+ ion.
We calculated the dispersions by a method described in Ref. [13]. The calculated dispersions
are indicated by the solid curves in Figs. 4(a) and 4(b). The ﬁt to the data provides excellent
agreement with the overall spectrum. The obtained parameters are listed in Table 1. D is a
parameter of the in-plane anisotropy of the Nd3+ moment which is related to the crystal ﬁeld
of the Nd3+ ion with a six-fold symmetry. It should be noted that the anisotropy gap of 0.57
meV at the zone center is quantitatively reproduced by using the ﬁxed parameter of D = 23.5
μeV obtained from reported value of the parameter of the crystal ﬁeld of the Nd3+ ion.[17] It
is revealed that the origin of the in-plane anisotropy is the crystal ﬁeld of the Nd3+ ion.
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4.2 Discussion
In RFe3(BO3)4 the local direction of the magnetic moments determines the local direction of the
electric polarization for both R3+ and Fe3+ ions.[7, 8] In case of the collinear antiferromagnet
NdFe3(BO3)4 the uniaxial magnetic anisotropy along the a - axis originated from the Nd
3+
and/or Fe3+ ions determines the bulk magnetic structure, and consequently the polarization
structure as well. Therefore, consideration on the origin of the uniaxial anisotropy is important,
even though the anisotropy of the Fe3+ moments was not considered in the analysis section for
the simplicity.
We discussed possible candidates for the uniaxial anisotropy in the ab - plane of the Fe3+ mo-
ments under the restriction that the crystal symmetry is preserved.[13] The candidates included
magnetic-dipole interaction, single-ion anisotropy, and polarization interaction.[18] Careful dis-
cussions demonstrated that none of them lead to the a - axis anisotropy, meaning that the Fe3+
moment does not contribute to the uniaxial anisotropy. The direction of the Fe3+ moment,
therefore, is propagated through the interaction between the Nd3+ and Fe3+ moments from
the anisotropy of the Nd3+ moment. The crystal ﬁeld of the Nd3+ ion that is the origin of
the anisotropy of the Nd3+ moment is, thus, the origin of the magnetic anisotropy in the bulk
magnetic structure, and consequently, the crystal ﬁeld is the origin of the polarization structure
as well.
5 Conclusion
INS measurements on the single crystals NdFe3(
11BO3)4 was performed to explore the magnetic
excitations. The obtained spectra are successfully analyzed by spin-wave calculation by the
following magnetic model. (i) Fe3+ moments are strongly coupled along the c direction and
they are weakly coupled in the ab - plane. (ii) Fe3+ and Nd3+ moments are strongly coupled.
(iii) Crystal electric ﬁeld of Nd3+ moment. The discussion based on the magnetic model reveals
that the crystal ﬁeld of the Nd3+ ion is the origin of the anisotropy gap at the AF zone center.
The local symmetry of the rare-earth ion determines the non-local multiferroic structure in
NdFe3(
11BO3)4.
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Table 1: Parameters obtained by the linear spin wave calculations
J1 [meV] J2 [meV] J3 [μeV] D [μeV] (ﬁxed)
−0.482 −0.054 7.9 23.5
Inelastic neutron scattering on multiferroics NdFe3(BO3)4 S. Hayashida et al.
132
References
[1] A. K. Zvezdin, S. S. Krotov, A. M. Kadomtseva, G. P. Vorob’ev, Yu. F. Popov, A. P. Pyatakov,
L. N. Bezmaternykh, and E. A. Popova, JETP Lett. 81, 272 (2005).
[2] A. K. Zvezdin, G. P. Vorob’ev, A. M. Kadomtseva, Yu. F. Popov, A. P. Pyatakov, L. N. Bezmater-
nykh A. V. Kuvardin, and E. A. Popova, JETP Lett. 83, 509 (2006).
[3] A. M. Kadomtseva, A. K. Zvezdin, A. P. Pyatakov, A. V. Kuvardin, G. P. Vorob’ev, Yu. F. Popov,
and L. N. Bezmaternykh, JETP 105, 116 (2007).
[4] A. K. Zvezdin, A. M. Kadomtseva, Yu. F. Popov, G. P. Vorob’ev, A. P. Pyatakov, V. Yu. Ivanov,
A. M. Kuz’menko, A. A. Mukhin, L. N. Bezmaternykh, and I. A. Gudim, JETP, 109, 68 (2009).
[5] A. M. Kadomtseva, Yu. F. Popov, G. P. Vorob’ev, A. P. Pyatakov, S. S. Krotov, and K. I. Kamilov,
Low Temp. Phys. 36, 511 (2010).
[6] U. Adem, L. Wang, D. Fausti, W. Schottenhamel, P. H. M. van Loosdrecht, A. Vasiliev, L. N.
Bezmaternykh, B. Bu¨chner, C. Hess, and R. Klingeler, Phys. Rev. B, 82, 064406 (2010).
[7] A. I. Popov, D. I. Plokhov, and A. K. Zvezdin, Phys. Rev. B 87, 024413 (2013).
[8] T. Kurumaji, K. Ohgushi, and Y. Tokura, Phys. Rev. 89, 195126 (2014).
[9] N. Tristan, R. Klingeler, C. Hess, B. Bu¨chner, E. Popova, I. A. Gudim, and L. N. Bezmaternykh,
J. Magn. Magn. Mater. 316, 621 (2007).
[10] P. Fischer, V. Pomjakushin, D. Sheptyakov, L. Keller M. Janoschek, B. Roessli, J. Schefer, G.
Petrakovskii, L. Bezmaternikh, V. Temerov and D. Velikonov, J. Phys.:Condens. Matter 18, 7975
(2006)
[11] M. Janoschek, P. Fischer, J. Schefer, B. Roessli, V. Pomjakushin, M. Meven, V. Petricek, G.
Petrakovskii, and L. Bezmaternikh, Phys. Rev. B 81, 094429 (2010).
[12] L. N. Bezmaternykh, S. A. Kharlamova, and V. L. Temerov Crystallogr. Rep. 49, 855 (2004),
translated from Kristallograﬁya, 49, 945 (2004). Original Russian Text Copyright (c) 2004 by
Bezmaternykh, Kharlamova, Temerov.
[13] S. Hayashida, M. Soda, S. Itoh, T. Yokoo, K. Ohgushi, D. Kawana, H. M. Rønnow, and T. Masuda,
Phys. Rev. B 92, 054402 (2015).
[14] S. Itoh, T. Yokoo, S. Satoh, S. Yano, D. Kawana, J. Suzuki, and T. J. Sato, Nucl. Instr. Meth.
Phys. Res. A 631, 90 (2011).
[15] S. Yano, S. Itoh, S. Satoh, T. Yokoo, D. Kawana, and T. J. Sato, Nucl. Instr. Meth. Phys. Res. A
654, 421 (2011).
[16] S. Itoh, T. Yokoo, D. Kawana, H. Yoshizawa, T. Masuda, M. Soda, T. J. Sato, S. Satoh, M.
Sakaguchi, and S. Muto, J. Phys. Soc. Jpn. 82, SA033 (2013).
[17] M. N. Popova, E. P. Chukalina, T. N. Stanislavchuk, B. Z. Malkin, A. R. Zakirov, E. Antic-
Fidancev, E. A. Popova, L. N. Bezmaternykh and V. L. Temerov, Phys. Rev. B 75, 224435
(2007).
[18] M. Soda, M. Matsumoto, M. Ma˚nsson, S. Ohira-Kawamura, K. Nakajima, R. Shiina, and T.
Masuda, Phys. Rev. Lett. 112, 127205 (2014).
Inelastic neutron scattering on multiferroics NdFe3(BO3)4 S. Hayashida et al.
133
